In the present work, the flow and temperature fields in large scale rotating electric motor are studied by solving the Navier-Stokes equations along with the temperature equation on the basis of finite difference method. All the equations are written in terms of relative velocity with respect to the rotating frame of reference. Generalized coordinate system is used so that sufficient grid resolution could be achieved in the body surface boundary layer region. Differential terms with respect to time are approximated by forward differences, diffusion terms are approximated by the implicit Euler form, convection terms in the Navier-Stokes equations are approximated by the third order upwind difference scheme. The results of calculation led to a good understanding of the flow behavior, namely, the rotating cavity flow in between the supporting bar of the motor, the flow stagnation and region of temperature rise due to flow stagnation, etc. Also the measured average temperature of the motor coil wall is predicted quite satisfactorily.
INTRODUCTION
In recent days, the application of computational fluid dynamics (CFD) to the prediction of flow and thermal phenomena is getting more and more important. Over past twenty years steady progress has been made in the development of fluid flow and thermal behavior analyses for turbomachineries. The eventual goal of these analyses is a time accurate model of the three-dimensional flow and thermal phenomena.
In the open literature, there are a very large number of published papers regarding the analyses on turbomachinery flow problem which have been compared to experimental data reported by Navier-Stokes equations with some sorts of turbulence modeling. These analyses of flow could be used to study many of the fluid dynamic phenomena in turbomachinery. However, in order to use a computer code as an engineering tool to provide necessary information regarding the flow and thermal behavior it is essential to verify the prediction reliability of the code developed on the basis of recent improved numerical scheme and physics based modeling by comparing with experimental data of precious measurement accuracy.
Among existing numerical methods for solving incompressible Navier-Stokes equations, the finite difference method which uses the primitive variables, i.e., the velocities and the pressure as unknown variables prevails because of it's applicability to three-dimensional turbulent flows. For instance, the artificial compressibility method originally proposed by Chorin (1967) is quite well known for solving incompressible flows. Recently, this method is improved by introducing the efficient numerical techniques such as the linearization of Steger and Kutler (1977) , diagonalization of Chang et al. (1988) , etc. and also extended to the orthogonal and generalized curvilinear coordinate system reported by Hartwich and Hsu (1988) and Dick (1989) . The other widely used method for solving unsteady incompressible Navier-Stokes equations is the well known MAC (Marker and Cell) method developed by Harlow and Welch (1965) The basic equations are the unsteady NavierStokes equations for three-dimensional incompressible rotational flow which in term of relative velocity with respect to the rotational reference frame can be written as follows:
Continuity equation 
where in the case of z as the axis of rotation, the source term H in the momentum equation (2) 
where Re in Eq. (6) is Reynolds number which comes from the non-dimensional form of Eq. (2). R in Eq. (6) is identically zero on the basis of continuity equation, however, it is retained here as corrective term in order to prevent the accumulation of numerical errors. R also helps stabilizing the computation and it goes near zero at convergence.
In 
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Euler backward implicit scheme is used to integrate Eq. (2) (or (8) and (9) (1986) , where, the third order error term is eliminated and the final form takes the form as follows: (13) where c 3.
The finite difference equations are obtained by discretizing Eqs. (7)- (9) on the basis of the above expression. In the present work they are solved by the point SOR (Successive Over Relaxation) method. Regular mesh system is employed to evaluate P, u, v, w and T at each individual grid points.
Computation Flow Chart
Calculation start with a specified initial velocity, pressure and temperature field at time t--0, the Poisson equation is solved first to get pressure P.
Then by substituting these pressure values into momentum equations, the velocity components at the next time step is computed by solving v, and the temperature is calculated next. The process is repeated until the required converged solution is obtained.
COMPUTATION OUTLINE
In this section information regarding the grid topology, convergence criteria, computation time THERMO FLUID ANALYSIS 437 and specification of boundary conditions, etc. will be discussed.
Grid Topology and Convergence Criteria
The coils of electric motor considered in the present study is cooled by air introduced from both ends. Although a six poles large practical electric motor is considered as the test case in the present study, in order to have some understanding of the configuration of electric motor, a schematic view of a typical four poles motor is presented in Fig. 1 . It can be seen from this figure that this motor has four coils with supporting structure in between coils which rotate with respect to the flow axis. Because of the flow of current through the coil, the coil surface get heated. And the coil surface temperature need to be kept below certain critical temperature, since the insulation materials within the coil cannot withstand very high temperature. In order to keep the coil surface temperature below a critical level, the coil need to be cooled in an efficient manner.
In the present, case, the coils are cooled efficiently by air from blower which flows through the gap between rotor coils from each end, meet near the mid of flow axis and then flows out through small holes of outer stator walls. This air is used for cooling the stator coil also. The computation model of the six poles large scale practical electric motor used in the present study is shown in Fig. 2 . Since the flow is symmetric in the axial direction, only one half of the total axial length of the motor is considered as the computation domain. In order to take into account the effect of interaction between the stator and the rotor, computations are carried out using two zones. Rotor section is represented by the first zone and stator section is represented by the second zone. The interface boundary between these two zones is the junction between the stator inner boundary and rotor outer boundary. Since the coils in the motor are set in a periodic manner, and the six poles motor are six-fold symmetry, 60 periodic sector model is used. Two rotor coils were separated by a gap of approximately, 20 and the cooling holes for the passage of air from the rotor section through the stator coil were located with an axial gap of 40 mm.
As it can be seen from Fig. 2 , square shaped holes of length 10 mm and angular width of approximately, 2 are used in the present study. In order to compute the flow in a complicated configuration like electric motor with rotation and strong threedimensional effect and the presence of blockage (coil support structure) in the coil flow path, computation grids are formed using a body fitted coordinate (BFC) grid generator. In the computation zone (one), 69 x 151 x 157 grid points are used in r, 0 and z direction, respectively. In the computation zone (two) 16 x 151 x 157 grid points are used. In Fig. 3 is presented a schematic illustration depicting the grid structure of the computation zone one. It can be observed here that fine grids are used in the coil surface region to properly simulate the boundary layer flow and thermal behavior. The non-dimensional distance y+ from the coil surface to the nearest grid points were of the order of 1.
The convergence criteria for the Poisson equa- temperature were set as the residue _< 10-6. In order to meet the above mentioned convergence criteria, for Poisson equation of pressure less than 100 iterations were required, whereas for the rest of the parameters less than 20 iterations were required. Approximately 5000 time iterations were required to capture the flow and thermal phenomena. By monitoring pressure values at some important locations of the coil surface it is observed that the flow is regular oscillatory in nature. The oscillatory nature of the flow is presented in Fig. 11 . Calculations were carried out using Cray T916 supercomputer with constant time step. The order of the non-dimensional time step was 0.02. The present computation used about 100 Mw memory and the overall computing costs in term of CPU time was approximately 10 h to capture the flow and thermal phenomena. THERMO It should be noted here that the zero velocity in case of rotor coils does not imply zero absolute velocity components, but rather zero relative velocity components. The pressure on the body surface was determined on the basis of Neuman type boundary condition i.e. the pressure gradient normal to the body surface was set equal to zero, dP=0. At the inlet of rotating coil, relative velocity and fluid temperature was specified and, at the symmetry boundary mirror image was considered to specify the boundary conditions.
RESULTS AND DISCUSSIONS
The flow Reynolds number for the present computation was about 2 x 105, which was defined in terms of inlet relative flow velocity and the radius of the rotor coil. The rotational speed of the coil was 150rpm and wall heat flux of the coil was 9950 W/m 2. The inlet air temperature was 303 K.
In Fig. 4 are presented the computed vector diagram in the z-O plane of rotor coil at three different radial locations. The flow direction in Fig. 4 is from right to left. In Fig. 4(a)-(c) are shown the velocity vector near the rotor hub, slightly away from the hub and near the edge of the supporting structures which are located in between the coils, respectively. It can be seen from Fig. 4 that there developed a re-circulation zone near the coil leading edge for all the three radial locations. Also, Fig. 4 indicate that there occurs a rotating cavity like flow near and in between the supporting structure in the flow passage. At the symmetry boundary, where the flow from both ends meet, there occurs a flow stagnation region. Near the edge of the supporting structure, the flow is divided by the presence of supporting structure and get accelerated at both of it's side. As a whole, Fig. 4 indicates that the presence of supporting structure in between the coils and the rotation made the flow highly unsteady, three-dimensional and complicated in nature.
In Fig stator. There exist two re-circulation zones, one near the hub and other near the rotor's outer periphery, in the region between the symmetry boundary and second supporting structure of the coil.
In Fig. 6 (a) and (b) are presented the temperature contour in the r-z plane of the left and right coil surface, respectively. It can be observed from this figure that the temperature near the coil leading edge increases due to the existence of flow recirculation zone, however, due to the effect of rotation, high temperature region near left coil leading edge get diffused as compared to the right coil. Also, the temperature distribution in the region between the coil supporting structure of left coil differs from that of right coil. In the right coil a distinct high temperature region exist, however, in the left coil due to rotational cavity like flow this high temperature zone get diffused and a small high temperature region exists near the hub region of downstream supporting structure. In the region between the symmetry boundary and the downstream supporting structure the temperature at both the coil surface is quite high due to flow stagnation in this region.
In Fig. 7 radial location which corresponds to the edge of supporting structure, respectively. The surface pressure is non-dimensionalized with respect to the inlet pressure and axial distance is non-dimensionalized with respect to the rotor coil outer radius. It can be observed from this figure that at the leading edge of both the coils there occur an increase in pressure, followed by a decrease and again an increase due to the existence of flow re-circulation zone. Behind this re-circulation zone the pressure decreases abruptly due to flow acceleration and in the downstream region the pressure increases due to flow stagnation at the symmetry boundary. In the region covered by the non-dimensional axial distance of 0.7-1.7 which corresponds to the region between two supporting structures, there occur some peak and trough in the pressure distribution curve of both the coils, which is thought to be due to the occurrence of cavity like rotating flow in this region. Also, in the case of right coil there occur a peak in the pressure distribution in this region due to rotational effect.
In Fig. 8(a) and (b) are presented the axial variation of pressure on the top surface of left and right coil, respectively. It can be observed from this figure that due to the presence of angular motion due to rotation, there occurs a peak in the pressure distribution in the right coil. Also, both (near the rotor hub, in between the hub and the supporting structure edge, and near the supporting structure edge) of left and right coil respectively, it can be observed from Fig. 10 that there occur a peak in the temperature distribution near the coil leading edge for all the radial location due to the existence of flow re-circulation zone. In the region between the supporting structure there occur successive peak and trough in the temperature distribution due to the complicated flow pattern i.e. the flow stagnation due to the presence of supporting structure, rotational cavity like flow and existence of flow re-circulation zone. In the case of temperature distribution in the left coil as shown in Fig. 8 , the pattern is quite different from that observed in the case of right coil as shown in Fig. 9 . In this case the peak in the temperature distribution near the coil leading edge due to the existence of re-circulation zone is quite distinct near the rotor hub and near the edge of supporting structure, however, in the region between the hub and the edge of supporting structure this peak is quite low and moved downstream due to angular motion. Also, the peak of the temperature distribution in the region between supporting structure in the case of left coil is lower than that in the case of right coil due to angular motion caused by rotation. Near the symmetry boundary the surface temperature ofboth the coils increases due to flow stagnation. In Fig. 11 is presented the variation of pressure at the left and right coil side walls with time at a specific location. This location corresponds to an axial distance which is about 50% of the total length of computational domain (i.e. in between the supporting structure) and to mid-radial location (i.e. in between rotor hub and the rotor outer periphery). The time is non-dimensionalized with respect to reference velocity and length. It can be observed from this figure that there occur a phase lag in pressure fluctuation with time between the left and right coils and with the increase in time the peak and trough of pressure fluctuation at the left and the right coils is reversed i.e. the peak of pressure fluctuation at the left coil corresponds to the trough at the right coil due to the effect of rotation.
In Fig. 12 
SUMMARY
In the present work, the flow and temperature fields in practical large scale rotating electric motor are studied by solving the Navier-Stokes equations along with the temperature equation on the basis of finite difference method without using any turbulence model.
The present scheme used in the computation led to a stable calculation even for such high-Reynolds number, complicated flow nature caused by the presence of obstacles and the rotational effect.
The results of calculation led to a good understanding of the flow and temperature field in the electric motor, namely, the existence of flow recirculation zone near the coil leading edge, rotating cavity like flow in between the supporting structure ofthe motor, the flow stagnation near the symmetry region and the region of coil surface temperature rise due to such complicated flow behavior.
The coil surface pressure fluctuation with time led to the understanding that there exists some phase lag in pressure fluctuation with time between the left and right wall and with the increase in time the peak and trough of pressure fluctuation at the left and the right wall is reversed i.e. the peak of pressure fluctuation at the left wall corresponds to the trough at the right wall due to effect of rotation.
It is observed that the present computation method could predict the average temperature of the coil surface quite satisfactorily. As a whole, the results of present computation could provide a useful information regarding the complicated flow behavior in the large scale electric motor to the designers.
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